In this review, а density functional theory (DFT) procedure is presented to calculate the Jahn-Teller (JT) parameters in a non-empirical way, which does not depend on the system at hand. Moreover, the intrinsic distortion path (IDP) model that gives further insight into the mechanism of the distortion is presented. The summarized results and their comparison to experimentally estimated values and high-level ab initio calculations, not only prove the good ability of the used approach, but also provide many answers to the intriguing behavior of JT active molecules.
INTRODUCTION
Since its discovery more than 80 years ago, the Jahn-Teller (JT) effect 1 has drawn much attention in the scientific community, usually among scientists described as: "When a baby cries without anyone knowing why, we say -these are the teeth. Similarly, in the chemistry of transition metal compounds, when experimental phenomenon cannot be interpreted easily, it is often attributed to the Jahn-Teller effect. Moreover, the Jahn-Teller effect is simultaneously a source DFT AND JT EFFECT 781 emerge because of the non-validity of the BO approximation, but the effects as such would not exist if the BO approximation is not used in the first place. The JT effect exists only in the realm of the BO approximation. Without the BO approximation, we do not have a picture of the molecule and there would be no sense in discussing a distortion of a molecular structure. Standard concepts in theoretical chemistry, such as force or force constants, would lose their meaning. Nonetheless, a perturbation approach restores the BO approximation. A Hamiltonian is written as a Taylor series in nuclear coordinates. Coefficients in the polynomial expression of an adiabatic potential energy surface are the vibronic coupling constants, and they quantify the strength of the coupling between the electronic structure and nuclear displacements. 4 These coefficients are complicated integrals that have physical interpretation, such as force and force constant at a high symmetry configuration. 4 Conventional computational methods could still be used if the adiabatic potential energy surface is accurately determined, which is nowadays possible with most computational methods. Many studies confirmed the excellent ability of both wave-function based methods and density functional theory (DFT) based methods to analyze vibronic coupling. 4, 37 Typical studies do not calculate the vibronic coupling constants directly, but the calculated adiabatic potential curves along the distortion are fitted to the polynomial expression that resulted from the vibronic coupling model. 30, [38] [39] [40] [41] Computational studies enabled a more in-depth insight into the properties of JT active compounds and the understanding of many manifestations of the JT effect.
In the last decades, DFT has emerged as the mainstream among computational methods, preferable because it gives a good compromise between accuracy and computational time. The theory of DFT is well documented, [42] [43] [44] [45] [46] [47] [48] and here, just a brief explanation is given in a non-mathematical way of what the density functional theory is and how it can be applied to analyze the JT effect. In its theory, the DFT gives the exact energy of the system as a method of obtaining a solution to the Schrödinger equation of a many-body system, using electron density. The Hohenberg-Kohn theorem 49 asserts that the density of any system determines all ground-state properties of the system, so the total ground state energy of a multi-electron system is a functional of the density. Consequently, if the electron density functional is known, the exact total energy of the system is given. In practical computational work, as there is still no universal functional, approximations have to be made, leading to many functionals designed for certain properties. 43, 50 There is a controversy in the literature whether DFT can be used for the analysis of the JT effect, [51] [52] [53] as the original Hohenberg-Kohn theorems 49 were formulated only for non-degenerate ground states in the absence of a magnetic field. However, the second reformulation of this theorem gives formally proof that the DFT can handle degenerate states. 54, 55 This issue is also elaborated 782 ZLATAR and GRUDEN within the sub-system ensemble DFT, 56, 57 the spin-restricted ensemble-referenced Kohn-Sham (KS) DFT, 58 the nonadiabatic generalization of DFT 59 and the sign-change in DFT. 60 Additionally, DFT naturally encompasses the mechanism of the JT effect. 61, 62 Electron density must be totally symmetric in a point group of a molecule. This is not possible if the orbitals belonging to a degenerate irreducible representation (irrep) are not equally occupied. In such cases, non-totally symmetric density will lead to non-isotropic forces on nuclei, driving the distortion to the molecular structure with lower point-group than the initial one. A molecular structure with degenerate electronic states in a high-symmetry (HS) point group is, therefore, not a stationary point. In the case of the PJT effect, the change in the distribution of electrons along a distortion is accompanied by a lowering of the force constant of the high-symmetry configuration. 4, 7, 29, 63 Admittedly, from a practical point of view, care should be taken when dealing with JT type effects with DFT. 37, 64 A pragmatic way for a detailed calculation of the JT effect was developed by Daul et al., 37, 64, 65 and it has been successfully applied for the analysis of many JT active molecules. [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] 
METHODOLOGY
Within vibronic coupling theory, Hamiltonian, ℋ, is expanded as a Taylor series around the HS molecular structure, along the normal modes, Q i :
where ℋ 0 is the Hamiltonian for the reference nuclear configuration, and the sum that follows it is the JT or vibronic Hamiltonian, W. The adiabatic potential energy surface for an f-fold degenerate electronic state takes the form
where k = 1,2,…f, and K i is the force constant for the vibration Q i and ε k are the roots of the secular equation:
W is an f×f vibronic matrix, and I is a unit matrix of the same dimensions. The matrix elements of the vibronic operator are the vibronic coupling constants. For instance, the linear vibronic coupling constant has the form F i,k = <Ψ k |∂ℋ/∂Q i |Ψ k >, where Ψ k is the wavefunction belonging to the k-th component of the degenerate state. Group theory can be used to judge whether these matrix elements are different from zero. Irrep of the JT active normal modes must belong to the same representation as the symmetric direct product of the components of the degenerate electronic state, to have a linear coupling constant different from zero.
For example, in the case of the JT active Sb 4 -, electronic ground state in square planar (D 4h ) configuration is 2 E g , and vibrations that belong to B 1g and B 2g irreps distort the structure to rhombus and rectangle, respectively. Both distorted structures belong to the D 2h point group. The adiabatic potential energy surface of Sb 4 in the space of two JT active vibrations is depicted in Fig. 1 . The parameters used to construct the surface were obtained by DFT. 70 Another example is the VCl 4 tetrahedral molecule (T d point group) with an E ground electronic state coupled with double degenerate vibrations also belonging to E irrep. Distortion lowers the symmetry to D 2d , and the degenerate state splits into 2 A 1 and 2 B 1 . The adiabatic ________________________________________________________________________________________________________________________ Available on line at www.shd.org.rs/JSCS/ (CC) 2019 SCS.
DFT AND JT EFFECT 783 potential energy surface has the famous wrapped "Mexican-hat-like" form, with three equivalent minima and three equivalent transition states, Fig. 2 . Vibronic coupling constants determine the shape of the adiabatic potential energy surface (Figs. 1 and 2). However, from a computational perspective, it is more natural to define it with the JT stabilization energy (E JT ), warping barrier (Δ) and JT radius (R JT ). A qualitative cut through the adiabatic potential energy surface, along the JT active distortion Q a , is given in Fig. 3 , indicates how this set of JT parameters define the adiabatic potential energy surface of JT active molecules. The meaning of the parameters is clear -the value of E JT gives the energy stabilization due to the distortion, the energy difference between the minimum (min in Fig. 3 ) and transition state (TS in Fig. 3) is Δ, and the direction and magnitude of the distortion are given with R JT .
The set of JT parameters, Fig. 3 , is, at least in principle, easy to determine from the first principle calculations. To obtain the JT parameters, one needs to know the proper geometry and, consequently, the energy of the HS configuration, as well as the geometries and energies of the distorted, electronically non-degenerate low symmetry (LS) structures. Experimental determination of the parameters is less straightforward. One needs to fit the experimentally obtained results to the proposed model.
The procedure for calculating the JT parameters using DFT consists of three steps: 37,64 1. Geometry optimization constraining symmetry to the HS point group. This yields a geometry of the high-symmetry configuration, with an electronic structure in which the electrons of degenerate orbitals are distributed equally over the components of the degenerate irreps, e.g., for e 1 -configuration this will mean to place 0.5 electrons into each of the two (alpha) e-orbitals; for e 3 -configuration, 0.5 electrons will be in each of two beta e orbitals.
2. Performing a single-point calculation constraining the HS on the nuclear geometry and the LS on the electron density. This gives the energy of a Slater determinant with an integer electron orbital occupancy. It is necessary to evaluate the energies of all possible Slater determinants with integer electron occupations. In other words, all possible modes of occupation of the molecular orbitals need to be evaluated. This step is achieved by introducing an adequate occupation scheme of the molecular orbitals (MO).
3. A geometry optimization constraining the structure to the low-symmetry point group, with the proper occupancy of the KS orbitals. These calculations yield different geometries and energies that correspond to a minimum and a transition state on the adiabatic potential energy surface. This calculation scheme is schematically drawn in Fig. 4 for the calculation of the JT parameters in octahedral Cu(II) complexes. E JT is the difference between the energies obtained in steps 2 and 3. As stated above, steps 2 and 3 are repeated for different combin- DFT AND JT EFFECT 785 ations of electronic states in the LS point group. Hence there will be different E JT for a minimum and transition state structures. The difference between the two E JT values gives the warping barrier, Δ. R JT is given by the length of the distortion vector between the high symmetry and the minimum energy configuration, i.e., the difference in the geometries from step 1 and 3.
To avoid calculating the geometry and energy at the HS configuration, it is possible to use the energy of the vertical (Franck-Condon) transition, E FC , from the LS distorted structures. 74 This energy is easily obtained by promoting the unpaired electron from the ground state to the first excited state for the ground state (LS) geometry. When anharmonicity is negligible, i.e., in the linear and quadratic JT models, E JT = 4E FC.
The first step consists of the calculation with a non-integer electron configuration. Since MOs themselves have no physical meaning, using the partial occupation is just a way of obtaining the electron density of the A 1 symmetry in the HS point group. As the electron density is totally symmetric, it exerts the same force on all atoms. After geometry optimization in step 1, the total force is null. Passing from this configuration with fractional occupation numbers, to the one with integer occupation, in the second and third step, leads to a change in the electronic density responsible for the non-zero force. Distortion thus occurs because a change in the electronic density requires modifying the equilibrium geometry. 42, 61 This is illustrated in Fig. 5 , where the difference in electron densities between steps 2 and 1 for the case of [CuF 6 ] 4is depicted, together with the resulting force (calculated at the LDA/ /TZP level of theory). The resulting forces lead to tetragonal distortion and stronger equatorial bonds compared to the axial ones. Lowering of the symmetry in step 2 is necessary because this is the only way that the electron density is totally symmetric with integer occupations of the MOs. Calculation of the Hessian at step 3 indicates the character of the stationary pointsminimum or transition state. This correlates with the relative magnitudes of the two E JT . Interestingly, it is possible to calculate the Hessian also in step 1, and all eigenvalues should be positive. This means that geometry from step 1 is the minimum for such an electronic configuration (with fractional occupation numbers). This nuclear configuration is a minimum structure (hypothetically) in the absence of the JT effect.
The JT parameters that are obtained from the calculations, Figs. 3 and 4, relate to the vibronic coupling constants. 4 However, the exact relations will depend on the vibronic coupling model used. For example, in the case of Sb 4 -, for each of the two JT active vibrations (b 1g and b 2g ), Fig. 1 , the relations are E JT = F 2 /2K and R JT = F/K, where F is the linear vibronic coup-ling constant, and K is the force constant of the normal mode. 70 In the case of VCl 4 , Fig. 2 , second-order vibronic coupling is operational, and the relations are:
where F, K and G are the linear vibronic coupling constant, the force constant and the quadratic vibronic coupling constants, respectively. 64 It is worth mentioning that the calculated JT parameters are not very sensitive to the choice of exchange-correlation functional. 73 However, the JT parameters strongly depend on geometry. Hence the proper choice of the functional for the system at hand is of utmost importance. For organic molecules, this is not a difficult task, but for transition metal compounds particular caution (especially concerning spin states) is required. 76 Further insight into what is occurring during distortion is based on the analysis of R JT . It has already been mentioned that R JT describes the direction and magnitude of the distortion. In the case of the triangular Na 3 cluster, it is represented by changing the angle. 40 In other simple cases, the distortion corresponds to the movements of nuclei along one normal mode that belongs to a non-totally symmetric irrep of the HS point group of a molecule. R JT is then the magnitude of the distortion along that normal mode. In simple octahedral Cu(II) complexes often the following relation is used: 65 
where d i is the distance from the Cu(II) ion to the i-th ligand, and d 0 is the average metal-ligand distance. In more complex molecules, the JT distortion is a consequence of many active modes. The evaluation of the influence of different normal modes on the JT effect is a "multimode problem," and suitable models have to be employed to analyze the distortion. 4, 37, 41, 77 The two most successful models for the analysis of the multimode problem are the "interaction mode" 41, 78, 79 and the "intrinsic distortion path" (IDP). 37, 67, 77 The interaction mode 41,78,79 is a single, effective mode that is built as a linear combination of all the JT active normal modes of the HS configuration. Coefficients in this linear combination depend on the vibronic coupling constants of each mode, and the vibronic coupling model used. Typically, the interaction mode describes the straight-line path between the HS and LS geometries, i.e., its direction coincides with the direction of R JT . It is crucial to notice that the interaction mode is a reducible representation in the HS point group, while it belongs to the totally symmetric irreducible representation in the LS point group. The same is true for R JT .
The essence of the IDP model 37, 67, 77 is to express the distortion along a model minimal energy path starting from the DFT, or the first-principle HS geometry, and ending in the LS minimum, or the LS transition state. The reference point in IDP is the LS configuration, and the energy surface is approximated to be harmonic, i.e., quadratic in the LS vibrational modes. This model allows the determination of both the presence and contribution to the E JT and R JT of all normal modes involved. All totally symmetric normal modes in the LS configuration contribute to the distortion because IDP as a "reaction path" must be totally symmetric. 36 The analytical expression of the energy allows the total force at the HS point to be obtained directly. This force can be projected on either HS or LS normal modes. Knowing that the physical interpretation of the linear vibronic coupling constants is the force along an HS normal mode, 4 the IDP directly evaluates all the linear vibronic coupling constants. 77 The contributions of each mode along the path change, thus providing a very detailed picture of the mechanism of the distortion.
Both, interaction mode and IDP have their advantages and drawbacks, as discussed in the literature, 77 and reduce a multidimensional energy surface that is difficult to visualize to a simple cross-section. Using the procedure mentioned above, many JT active molecules were analyzed, ranging from small metal clusters and organic radicals to organo-metallic compounds and coordination compounds (Table I) . All these molecules differ in the number of atoms, nature of the chemical bonding, symmetry of the distortion, range of the JT stabilization energy. However, in all cases, we obtained good agreement with experimentally evaluated values or high-level ab initio data. -. Totally symmetric modes do not change the symmetry. However, in principle, need to be taken into consideration since their vibronic coupling constants are not zero by symmetry. Our analysis based on the IDP model indicated that totally symmetric modes do not contribute to the distortion in these molecules. 37, 70 Thus, the JT effect in VCl 4 is in essence an example of ideal, single mode JT distortion, and Sb 4 is the simplest multimode problem. However, in Sb 4 only one mode is responsible for the distortion to the minimum and the other one to the transition state. IDP is designed for more complicated situations 77 but is also perfectly suitable for these cases. IDP analysis justifies illustration of adiabatic potential energy surfaces for these molecules as depicted in Figs. 1. and 2. As 4 is completely an analog to Sb 4 -. 70 Vibronic coupling constants for all three molecules were calculated by IDP, by their relation to the DFT obtained JT parameters, and by fit to the potential energy curves along the JT active normal modes. The results of the different approaches are consistent. DFT results for VCl 4 (E JT = 50 cm -1 ) 37,64 are in good agreement with experimental values (E JT = 30-80 cm -1 ), [80] [81] [82] [83] and together with the values of the vibronic coupling constants, confirm the dynamic character of the JT effect.
In VCl 4 , for the first time, some interesting features related to the DFT scheme for the calculation of the JT parameters were observed. 58 These observations are found to be general in other cases. The first one is related to the energies of different electron distributions in step 2 (Fig. 4) , which should be equal for all the possibilities. However, in practice, this is not the case due to the nature of the exchange-correlation functional involved in practical DFT calculations. The second finding is that ordering of orbitals in step 2 is non-aufbau. In other words, the singly occupied MO stays, after the energy minimization, above the lowest empty orbital. The expected orbital ordering is usually restored after relaxation of the geometry (step 3). When distortion is very small, e.g., in VCl 4 , the occupation stays even after the geometry optimization in step 3. It should be pointed out that the JT effect is a change in geometry due to a lowering of the total energy and the KS MO energies do not need to reflect that. In DFT, the total energy is not equal to the sum of the KS orbital energies. The third remark is that partial occupation of degenerate orbitals (step 1) usually leads to lower energy than the one-electron-one-orbital occupancy (step 2), because of different selfinteraction errors in the two cases. In the case of VCl 4 , the energy from step 1 can be even lower than the final energies from step 3, giving a misleading result.
The cyclopentadienyl radical ( • C 5 H 5 ) is one of the most studied molecules from the JT perspective, and the theoretical methods employed range from simple MO calculations 102 to high-level ab-initio calculations (Table II) . Studies of Mueller et al. who used complete active space methods (E JT = 2147 cm -1 ) 86 and dispersed fluorescence spectroscopy (E JT = 1237 cm -1 ), 86 as well as fitting ab-initio calculations to the spectra (E JT = 1463 cm -1 ) 86 benchmark results for the determination of the JT parameters in the cyclopentadienyl radical. The authors also identified three dominant normal modes necessary to explain their results. Results obtained by DFT are comparable, 37, 66 or in some cases even better than other theoretical methods (Table II) . With the IDP model, it was possible to identify the three most important vibrations (C-C stretch, C-C-C bending, and C-C-H bending), 66 DFT results show that the energy difference between the two distorted LS structures of the cyclopentadienyl radical is only around 1.5 cm -1 . 37, 66 Hence, it is an example of a dynamic JT effect. According to DFT calculations, the 2 A 2 structure (en-alyl) is a transition state, while 2 B 1 (dienyl) is a minimum. 37, 66 This is in agreement with CASSCF(5,5)/cc-pVTZ 112 and CASSCF(5,5)/6-31G* 86 calculations that report the dienyl structure to be a minimum and Δ to be 4.5 and 3.6 cm -1 , respectively. The conversion between the 2 A 2 and 2 B 1 states goes around the JT cusp, Fig. 6 . Due to the five-fold permutational symmetry of the cyclopentadienyl radical, there needs to be five equivalent dienyl and five equi-790 ZLATAR and GRUDEN valent en-alyl structures, 113 which interconvert to each other with practically no energy barrier. Fig. 6 . Schematic representation of the pseudorotation on the lowest sheet of the adiabatic potential energy surface of the cyclopentadienyl radical. C-C bond length, Å, which is chosen to be the linear transit parameter is marked.
According to DFT calculations, the 2 A 2 conformations have one imaginary frequency belonging to the B 2 irrep in C 2v point group, which lowers the symmetry to C s . Pseudorotation of the cyclopentadienyl radical goes along the path that has C s symmetry, except at the ten configurations of C 2v symmetry that correspond to the stationary points on the potential energy surface. To test whether such a small Δ is just due to the numerical noise in DFT calculations, the lowest sheet of the adiabatic potential energy surface was explored using relaxed linear transit calculations. The results are shown in Fig. 7 . One of the C-C bond lengths was varied from 1.469 Å, i.e., single C-C bond in 2 B 1 , to 1.336 Å, i.e., double C=C bond in 2 A 2 . The symmetry was constrained to C s . All the remaining coordinates were allowed to be optimized. This process corresponds to half the pseudorotation depicted in Fig. 6 .
In addition to the cyclopentadienyl radical, the JT effect in the family of cyclic conjugated hydrocarbons was analyzed, 66 including the benzene cation (C 6 H 6 + ), the benzene anion (C 6 H 6 -) and the tropyl radical ( • C 7 H 7 ). All three molecules have a double degenerate electronic ground state ( 2 E 1g , 2 E 1g and E 2 ʹʹ, respectively) in the HS configuration (D 6h , D 6h and D 7h , respectively) that is coupled with double degenerate JT active normal modes (e 1g , e 1g and e 3 ʹ, respectively). The DFT results are in excellent agreement with previous studies (Table I ). The IDP model showed that the C-C stretch is most important for energy stabilization, while C-C-C bend, and C-C-H bend contribute more to the ________________________________________________________________________________________________________________________ Available on line at www.shd.org.rs/JSCS/ (CC) 2019 SCS. In the benzene cation and anion, the symmetry of the HS nuclear configuration, the symmetry of the ground electronic state, and symmetry of the JT active vibrations are all the same. However, the minimum on the potential energy surface is different. While in C 6 H 6 + the minimum is D 2h conformation, in C 6 H 6 due to pseudo-Jahn-Teller coupling of the ground π * electronic state with the excited σ * state, the C 2v conformation is found to be the global minimum. The out-of-plane C 2v geometry obtained is a consequence of both JT and pseudo-JT distortion.
Corannulene (C 20 H 10 ) and coronene (C 24 H 12 ) and their ions are interesting molecules because besides being building blocks for fullerene, they also have application in electronic devices. Distortion in these molecules, 68 as in other carbohydrates always starts with the modes that are predominantly C-C stretching, and these modes contribute the most to the overall distortion due to the descent in symmetry.
The neutral fullerene C 60 molecule has very high symmetry. It belongs to the I h point group, with a high degree of degeneracies. The highest occupied molecular orbital is fivefold degenerate (h u ), and the lowest unoccupied molecular orbital is triply degenerate (t 1u ), Fig. 8 . The distortion in the JT active C 60 + and C 60may lead to the structures belonging to the three different epikernel subgroups, i.e., to the structures with D 5d , D 3d or D 2h symmetry. The JT active modes in C 60belong to H g irrep. The stable geometry of the C 2h symmetry, resulting from JT distortions of double degenerate states in D 5d or D 3d , is predicted to be the most stable. 92 In C 60 -, the energy differences between different distorted structures are very small. 92 According to DFT calculations, the 2 A 1u conformation in the D 5d point group is the global minimum for C 60 + . 77 The vibronic coupling in C 60 + is very complicated. The D 5d structure is a consequence of the h g modes described by one set of the linear vibronic coupling coefficients. D 3d structures are due to the distortion led by the h g modes with a different set of vibronic coupling coefficients, but g g modes are also active. In addition, the totally symmetric normal modes also have non-zero vibronic coupling. Utilizing the IDP model, all the vibronic coupling constants of all normal modes in C 60 + were calculated 77 -two a g , six g g and two sets of constants for eight h g modes. The obtained values agree with previously calculated vibronic coupling constants from the gradient of the HOMO level. 91 The vibronic coupling constants of the eight h g modes and two ag modes in C 60 were also calculated 92 by the IDP model, which agreed with previous reports. 91, 114 The choice of the geometry of the I h structure was also highlighted, in particular, related to the contributions of totally symmetric normal modes. According to IDP, most of the stabilization energy is achieved close to the I h point by the hardest JT active modes. These modes have a large C-C stretch character. The relaxation of the geometry in the final part of the distortion path is encountered by softer modes. The situation is completely analog to the JT effect in the cyclopentadienyl radical and the benzene cation. According to DFT calculations, the eclipsed conformation is the more stable one, 72 and descent in symmetry due to the distortion goes to C 2v LS structures. The E JT agrees with the experimental results, and do not differ much for the three metallocenes (Table I) . 80, 95 In the C 2v minimum energy conformation, both cobaltocene and manganocene have 16 totally symmetrical normal modes that all could in principle contribute to the distortion. With IDP model, not only their contribution to the R JT , but also their contribution to the E JT was determined. 67 The ground state of cobaltocene is 2 E 1 ʹʹ with a single electron in e 1 ʹʹ MO. This MO is antibonding between metal d xz (or d yz ) and the ligand π-system. Using group theory, it is easy to show that the distortion coordinate is e 2 ʹ. Out of 16 vibrations, 4 contribute more than 95 % to the E JT , and all four are first order JT active, i.e., e 2 ʹ, and all are located on cyclopentadienyl ring, which is no longer planar. Although in most cases the electronic distortion due to the JT effect is mainly localized on the central metal ion, here it is delocalized over the ligands. The symmetry of the electronic ground state in the HS point pushed the distortion towards perturbation of the aromaticity of the Cp rings. In other words, JT induces conformational changes of the ligands, and out-of-plane ring distortion and C-H wagging minimize the antibonding interaction between the single occupied d orbital of the Co(II) ion and the π system of the Cp rings.
Manganocene with 5 electrons in d-orbitals is in the 2 E 2 ʹ ground state (low spin is the most stable one) with a single hole in the nonbonding e 2 ʹ orbital in the D 5h symmetry, with the very close lying 2 A 1 ʹ state. Distortion lowers the symmetry to C 2v along the e 1 ʹ normal coordinates. Skeletal vibrations contribute the most to the E JT and enhance small bonding interactions between the d-orbitals and the π-system of Cp rings. 67 These distortions are localized around the metal. However, IDP analysis revealed that there is one more vibrational mode that bends the two Cp rings and has an influence on the JT distortion, but does not bring a dominant energetic contribution. 67, 96 Another intriguing feature is the unusual behavior of manganocene compared to its isoelectronic analog ferrocenium cation and other metallocenes. Namely, in the solid state, manganocene forms a zig-zag polymer in which the ground state is the high spin state, which was not observed in any other case. 115 Our thorough study in which DFT, energy decomposition analysis and IDP methods were applied, revealed the reason behind this peculiar behavior of MnCp 2. 96 It was shown that the close lying 6 A 1 ʹ state allows conversion to the HS state present in the zigzag polymer. Moreover, the close lying excited state 2 A 1 ʹ enables ligand deformation through pseudo-JT coupling and triggers the polymerization. Hence, the unique behavior of manganocene has been rationalized and explained by its degenerate ground state and close lying electronic and spin states. 96 Phthalocyanine trianion (Pc 3− ), magnesium phthalocyanine ion (MgPc -) and manganese phthalocyanine (MnPc) are all prone to JT distortion. Detailed analysis 71 showed that the coordinated metal dictated the way of breaking the symmetry: while in MgPc -, the distortion is mainly localized on the ligand, in MnPc, central metal ion presents the trigger for the occurrence of JT distortion over the whole system. This difference was rationalized with IDP analysis that indicated different normal modes responsible for the JT effect in these similar systems. The linear vibronic coupling constants of all 24 JT active modes were determined by IDP model that agreed with previous work. 71 A study 98 on complexes of bis(1,4,7-triazacyclononane) (TACN) with some first-row transition metal ions with the ground term subject to JT distortion, revealed that vibronic coupling must be taken into consideration, even when the JT distortion is negligible because it can contribute to all the properties of the system. In all cases, the E JT values obtained by DFT calculations were in excellent agreement with experimentally observed ones, confirming the excellent ability of the DFT approach to calculate JT parameters even when the complicated electronic structure of transition metal compounds have to be considered. Furthermore, IDP analysis gave further insight into what is happening during the distortion and distinguished the most important normal modes out of 71 to the E JT and R JT. It has been shown that the second coordination sphere does not influence the values of the JT parameters, 98 as in the case of [Cu(en) 3 ] 2+ (en is ethylenediamine) and [Cu(eg) 3 ] 2+ (eg is ethylene glycol). 75 Pt(PF 3 ) 4 is tetrahedral d 0 molecule in the 1 A 1 ground electronic state. This molecule is an important precursor for focused electron beam induced processing. 116 In this technique, a focused beam of electrons is used to initiate the dissociation of ligands in the precursor, ideally resulting in a pure metal deposit. Several processes occur during this process, and the importance of so-called neutral dissociation was first highlighted in Pt(PF 3 ) 4 . 117 Neutral dissociation is the dissociation of electronically excited states initiated by incoming electrons. At first sight, this small symmetric molecule is not related to the JT effect. However, its lowest excited states are degenerate (lowest 1,3 T 1 and 1,3 T 2 ) and are consequently subject to JT distortion. Distortion in these excited states is asymmetric Pt-P stretch of T 2 symmetry and this is exactly the dissociation coordinate. Therefore, the JT effect in the excited states triggers dissociation. 117 These four excited states are directly dissociative, while other excited states are dissociative via many conical intersections. 117 Five-coordinated Ni(II) trigonal-bipyramidal complexes (D 3h ) in a high spin are in 3 Eʹ ground state, hence prone to the JT distortion to the C 2v structure. It has been shown that controlling the geometry of a transition metal complex is the way to chemically control their magnetic properties, particularly that spin-orbit coupling (SOC) could be used to tune the magnetic anisotropy. 18, 19 If the SOC is higher, the magnetic anisotropy has a greater value. Knowing the fact that both coordination of the ligands and the partial quenching of the SOC due to JT distortions reduce the magnetic anisotropy from its ideal, the free ion value, the system ([NiCl 3 (Hdabco) 2 ] + , dabco is 1,4-diazabicyclo[2.2.2]-octane), was found in which the bulky dabco axial ligands prevent distortion. 18 As a consequence of quenched JT, the calculations revealed, 18 and later it was experimentally con-________________________________________________________________________________________________________________________ Available on line at www.shd.org.rs/JSCS/ (CC) 2019 SCS.
DFT AND JT EFFECT 795 firmed, 118 that this complex displays the largest magnetic anisotropy ever observed for a mononuclear Ni(II) complex.
CONCLUSIONS
Cast in the form of authors' review paper, this work summarizes the results obtained by a special procedure within the framework of DFT, for the analysis of the JT effect in many different molecules. The theoretical background and practical computational recipe of this non-empirical and effective method are given. Treatment of the multimode JT problem with the IDP approach provides microscopic insight into the symmetry breaking process and rationalize many manifestations of vibronic coupling. Therefore, the fast and reliable method presented herein could be considered as the preferable tool for the investigation of adiabatic potential energy surface of the JT active molecules.
